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Distributing quantum states and entanglement between multiple pairs of nodes is a fundamental task in
quantum communication and distributed quantum computing on large-scale quantum networks. In particular, the
simultaneous distribution of quantum states or entanglement among multiple source-destination pairs (quantum
k-pair communication task) is an emerging demand for scalable quantum networks. Here, we propose a quantum
network architecture based on the Beneš switching topology that provides a universal switching framework for such
pairwise communications. Our network architecture requires only O(k log k) pre-established entangled resources
to accomplish the k-pair communication task, and offers advantages of non-blocking and low latency. We develop
routing protocols for concurrent entanglement distribution and analyze their performance under ideal operating
assumptions, while also discussing the effects of nonideal entanglement generation, quantum memory decoherence,
photon loss, and finite Bell state measurement (BSM) success probability. The proposed framework requires local
BSMs and entanglement swapping operations and is compatible in principle with quantum platforms supporting
these capabilities. In particular, photonic implementations can benefit from mature photonic components and be
compatible with existing telecommunications infrastructure.
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1.Introduction. Quantum networks are envisioned as a foundational infrastructure for the emerging quantum internet,
with recent roadmap studies identifying key milestones and architectural requirements for scalable quantum networking
[1–3], enabling the distribution of quantum states and entanglement across spatially separated nodes to support quantum
communication, distributed quantum computing, and secure cryptography [4–11]. By interconnecting remote quantum
devices through photonic or hybrid interfaces, such networks allow distant parties to share entangled resources, perform
quantum teleportation, and implement nonlocal operations that surpass the capabilities of isolated systems [1,4,12–16].

Recent experimental advances have realized many of these fundamental building blocks, including metropolitan-scale
fiber networks for entanglement distribution, satellite-based free-space quantum links spanning thousands of kilometers,
and elementary quantum repeater nodes capable of entanglement swapping and quantum state storage [13,17–24]. More
recent progress includes entanglement distribution over deployed optical fibers, the coexistence of quantum teleportation
with classical communications, and advances in long-distance quantum key distribution and quantum-network routing
[25–30]. Furthermore, high-fidelity entanglement generation over extended distances has been demonstrated across
multiple platforms [31–37]. Photonic systems offer intrinsic advantages for long-distance entanglement distribution:
photons interact weakly with their environment during propagation, are compatible with existing telecommunications
infrastructure, and benefit from mature photonic component technologies [35,36,38,39]. These advances indicate the
feasibility of large-scale quantum interconnects and pave the way toward increasingly complex networked quantum
systems composed of numerous communicating users and quantum processors.

As quantum networks scale to larger numbers of nodes and users, the efficient distribution of quantum states and en-
tanglement becomes increasingly critical. Long-distance quantum communication typically relies on entanglement-based
primitives such as quantum teleportation, which enables the faithful transfer of unknown quantum states, and quantum
repeaters, which extend communication distances through entanglement swapping and quantum memories [4,14,40,41].
However, the generation, storage, and transmission of high-fidelity entanglement remain resource intensive and highly
susceptible to photon loss, decoherence, and operational noise, particularly in large-scale quantum networks [42,43].
These physical limitations make entanglement distribution inherently probabilistic and costly, requiring repeated at-
tempts and substantial coordination across the network. The challenge is further exacerbated when multiple pairs of
nodes simultaneously request quantum communication or shared entanglement, as competing demands for limited chan-
nels and intermediate nodes can lead to congestion and conflicts, thereby substantially reducing overall throughput,
highlighting the importance of efficient entanglement routing strategies in large-scale quantum networks [44–46]. These
considerations highlight the need for scalable routing and switching strategies that can systematically coordinate numer-
ous concurrent quantum connections, motivating structured approaches such as quantum network coding (QNC) and
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permutation based switching architectures [47–52].
In classical communication networks, network coding provides a powerful solution for improving throughput and

resolving contention by allowing intermediate nodes to process and combine information flows rather than merely for-
warding them [53]. Inspired by this concept, QNC has been proposed to enhance the efficiency of entanglement and
quantum state distribution in multi-user quantum networks [47,48]. Early approaches rely on pre-shared entanglement
and classical side communication to simulate coding operations [49], whereas subsequent schemes incorporate repeater-
assisted protocols that exploit local processing at intermediate nodes [50,54]. More recently, measurement-based and
cluster-state-based constructions have been developed to realize coding functionalities through adaptive measurements
and feedforward operations [51,55,56]. Despite these advances, existing QNC and MQNC protocols are generally tailored
to prescribed network topologies and communication tasks, and their resource states and measurement patterns may
depend on the specific network under consideration. In particular, mappings based on linear network codes can require
the generation of two-colorable graph states at individual nodes, and embedding such resources into a given network
structure in which each node holds a single qubit is not straightforward [45]. These topology- and resource-dependent re-
quirements make their direct extension to universal k-pair permutation switching nontrivial, motivating a complementary
architecture-based approach using rearrangeable or non-blocking switching networks [57,58].

Classical switching networks offer a complementary approach to contention that relies not on coding but on carefully
designed interconnection architectures that realize deterministic and conflict-free routing [57–60]. Instead of combining
information flows, switching networks physically rearrange connections between inputs and outputs to implement pre-
scribed communication patterns. Among these architectures, rearrangeable and non-blocking networks play a central
role, as they guarantee that any set of source-destination pairings, or equivalently any permutation, can be established
without interference. A particularly attractive example is the Beneš network [61–63], which achieves universal permuta-
tion routing using a fixed multistage structure with logarithmic depth and near-optimal hardware complexity. Its regular
topology, scalability, and reconfigurability make it well suited for large-scale systems requiring efficient support for dy-
namic and parallel connections. These features suggest that classical switching architectures, and the Beneš network in
particular, provide a natural blueprint for designing scalable quantum routing mechanisms.

In this work, we develop a quantum switching architecture based on the Beneš topology. Our construction realizes
a fixed-structure quantum network that supports arbitrary k-pair routing tasks through a unified routing protocol, us-
ing only O(k log k) shared entangled pairs across the network. This architecture therefore provides a resource-efficient
and universal switching framework for large-scale quantum networks, significantly reducing the entanglement resources
required for flexible multi-pair communication. The protocol configures the network via local operations and classical
coordination to establish the required end-to-end quantum connections while keeping the underlying hardware topology
unchanged. Importantly, the proposed architecture is largely implementation-agnostic: it requires only standard capa-
bilities at each node, namely BSMs and entanglement swapping, and can in principle be implemented across different
physical platforms supporting these operations. Furthermore, by exploiting parallel operations and techniques inspired by
quantum wireless multihop networks [64], where simultaneous measurements replace sequential entanglement swapping,
our scheme enables low-latency entanglement distribution and offers significant practical advantages for scalable quan-
tum networking. Taken together, these features provide a scalable and resource-efficient framework for rearrangeably
non-blocking permutation routing in large-scale quantum networks.

2.Background. Efficient transmission of quantum information among multiple users is a fundamental task in large-
scale quantum networks. While quantum teleportation and entanglement swapping enable long-distance communica-
tion [14,65], simultaneous transmissions may create bottlenecks due to limited network resources. To address this chal-
lenge, two representative approaches have been investigated. QNC, inspired by classical network coding [53], improves
communication efficiency through quantum operations, measurements, and classical communication [47–51,54,55]. Al-
ternatively, switching-network architectures provide deterministic routing with low structural complexity and have been
widely adopted in classical communication systems [57,59]. In the following, we briefly review representative QNC
protocols and the classical Beneš network, which forms the basis of the proposed quantum Beneš network.

2.1.The quantum network coding. The butterfly network serves as the canonical benchmark for studying quantum
network coding, as it represents the simplest communication scenario exhibiting a network bottleneck. In classical
networks, the intermediate node resolves the bottleneck by performing a coding operation. However, this strategy
cannot be directly extended to the quantum two-pair problem because the no-cloning theorem forbids copying unknown
quantum states. Hayashi et al. first investigated this problem and proved that perfect quantum state transmission over
the butterfly network is impossible without additional resources [48,49]. They further showed that perfect QNC becomes
achievable when prior entanglement is shared between the two senders, where quantum teleportation together with
classical network coding enables successful cross transmission [49]. This protocol was later experimentally demonstrated
by He Lu et al. in a photonic platform [44]. Subsequent studies extended the butterfly-network framework to the general
k-pair problem, QNC with free classical communication, and nonlinear QNC protocols, among other advances [66–70].

To support long-distance quantum communication over quantum networks with complex topologies, Satoh et al.
developed QNC for general quantum repeater networks [50,54]. In these networks, adjacent repeater nodes initially share
a single Einstein–Podolsky–Rosen (EPR) pair but cannot introduce additional quantum registers or directly transmit
quantum information, as illustrated in Fig. 1. The protocol manipulates these EPR pairs using two basic operations
termed “Connection” and “Removal.” The Connection operation uses an EPR pair shared between adjacent nodes
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to extend the entanglement correlation of a local qubit to the neighboring node through local gates, measurement,
and classical feed-forward. The Removal operation eliminates an intermediate resource qubit through measurement
and conditional correction while preserving the required correlations among the remaining qubits. By combining these
operations, QNC transforms the initially shared link-level EPR pairs into the desired end-to-end Bell pairs for specific
network topologies.

Figure 1: Initial entanglement resources and final states of QNC based on quantum repeaters. The blue circles
represent quantum repeater nodes, the purple dots represent their local quantum memory qubits, and the lines
connecting the memory qubits represent shared EPR pairs. S1 and S2 are the sender nodes, T1 and T2 are the
target nodes, and R1 and R2 are the intermediate resource nodes. The goal is to transform the initial link-level
EPR pairs into Bell pairs shared between S1 and T1 and between S2 and T2 through a sequence of Connection
and Removal operations described in the main text.

Inspired by one-way quantum computation, measurement-based quantum network coding (MQNC) provides a
measurement-based alternative to the repeater network protocol with reduced circuit depth [51,55,71]. The MQNC
protocols employ cluster states as the resource states, which can be generated from multiple shared EPR pairs. By
measuring the two central qubits in the X basis, cross entanglement can be established in the network, whereas straight
entanglement can be realized by measuring the same qubits in the Z basis, as shown in Fig. 2. Several studies have
further investigated the QNC based on quantum repeaters and MQNC frameworks, such as general QNC protocol for
large-scale quantum networks, analyses of QNC and MQNC protocols over repeater networks under noisy conditions,
modeling of MQNC on superconducting quantum processors, and so on [54,55,68,71].
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Figure 2: The procedure for MQNC with a six-qubit cluster state. Circles and lines represent qubits and
entanglement between qubits. The cross pairs can be established by measuring the two central qubits in the X
basis, while the straight pairs can be established by measuring the two central qubits in the Z basis.

Overall, existing QNC protocols have demonstrated the effectiveness of coding-based strategies for alleviating commu-
nication bottlenecks in quantum networks. However, these protocols are typically tailored to specific network topologies,
and extending them to large-scale communication networks often requires increasingly complicated protocol designs. As
a result, current QNC schemes lack a unified and systematic network architecture that naturally supports scalability.
This motivates us to look beyond individual coding protocols and investigate well-established network architectures
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developed in classical communication systems. Among them, the Beneš network is particularly attractive because of its
regular topology, recursive construction, and rearrangeably non-blocking property.

2.2.The Beneš switching network. To address the scalability limitations of existing QNC protocols, it is natural to
seek a network architecture that supports systematic construction while preserving efficient communication. Classical
multistage switching networks provide such a framework, among which the Beneš network is one of the most representa-
tive architectures [61,72]. The Beneš network realizes arbitrary input-output permutations using a fixed interconnection
structure and is rearrangeably non-blocking, meaning that any communication pattern can always be established through
appropriate switch configurations. Owing to its recursive construction, regular topology, and logarithmic network depth,
it has been widely adopted in communication systems, parallel interconnects, and switching fabrics for scalable permu-
tation routing [62,63]. Figure 3(a) illustrates a classical 4×4 Beneš switching network with four input ports, four output
ports, and three stages of 2×2 switching elements. The two configurations of an elementary switching element are shown
in Fig. 3(b).
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Figure 3: Structure and switching modes of a classical 4 × 4 Beneš network. (a) The network consists of
three stages, each containing two 2× 2 switching elements. (b) The straight and cross configurations of a 2× 2
switching element. In the straight configuration, each input is connected to the corresponding output, whereas
in the cross configuration, the two connections are interchanged.

Structurally, a Beneš network of size k = 2n is constructed recursively from two Beneš subnetworks of size k/2,
together with an initial and a final stage of 2× 2 switching elements. The resulting network contains 2 log2 k− 1 stages,
each consisting of k/2 elementary 2× 2 switching elements. Each element can be independently configured in either the
straight or cross state, thereby determining the paths through the network. For any desired input-output permutation,
a routing algorithm assigns an appropriate state to every switching element so that all inputs are connected to their
respective target outputs without conflict. This recursive structure makes the Beneš network rearrangeably non-blocking:
any input-output permutation can be realized within the fixed topology by reconfiguring its local switching elements.

Compared with other classical switching architectures, the Beneš switching network offers notable advantages in
terms of resource overhead and congestion. A full crossbar switch network requires O(k2) hardware resources [59],
which quickly becomes impractical for large systems. Butterfly and Clos networks reduce hardware cost but may suffer
from blocking [57,59]. In contrast, the Beneš network achieves rearrangeable non-blocking operation using only O(k log k)
switching elements and logarithmic depth, thereby providing both scalability and low latency. Moreover, its fixed, regular,
and recursive structure simplifies control and implementation while guaranteeing universal permutation capability. These
properties position the Beneš architecture as a natural candidate for constructing scalable, non-blocking, and low-latency
quantum switching networks [73,74].

3.Quantum Beneš network. Based on the classical Beneš switching network, we develop a scalable quantum network
architecture together with its routing protocol. Instead of designing a routing strategy for a specific communication
scenario, the proposed framework provides a systematic construction for arbitrary network sizes while preserving the
non-blocking property of the Beneš architecture. The network architecture, routing protocol, and a representative 4× 4

example are presented in the following.
3.1.Network architecture. We begin by introducing the quantum Beneš network architecture designed to support

arbitrary k-pair communication tasks. Our construction extends the classical Beneš switching topology to the quantum
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domain by replacing classical switching operations with entangled states, local operations, and measurements. Unlike
physical nearest-neighbor lattice models, the proposed architecture follows the logical connectivity of a general Beneš
network, where entanglement links may be established between nodes that are not necessarily adjacent in physical space.
This abstraction allows us to focus on the routing and switching functionality of the network independently of a specific
hardware layout while retaining the structural advantages of the Beneš topology.

For clarity, we first introduce the quantum Beneš network for sizes that are powers of 2. The construction can be
extended recursively to an arbitrary size k by using an upper subnetwork of size ⌊k/2⌋ and a lower subnetwork of size
⌈k/2⌉. When k is even, the two subnetworks have the same size. When k is odd, the last input and output nodes are
connected exclusively to the larger lower subnetwork, whereas the remaining nodes are connected to both subnetworks
through the input and output switching layers. Recursively applying this decomposition until subnetworks of size 1 or 2

are reached yields a quantum Beneš network for any positive integer k, while retaining an O(k log k) resource overhead.
Further details are provided in the Supplementary Material.

In a classical Beneš switching network, switches are interconnected via classical communication channels. In con-
trast, in our quantum Beneš architecture, the connections between switching elements are realized through quantum
teleportation. Each node is required to be capable of performing quantum operations, BSMs, and classical communica-
tion. Unlike Spanke-Beneš or nearest-neighbor architectures [72], we do not require that only physically adjacent nodes
share entanglement. Instead, any pair of nodes connected in the Beneš topology is assumed to be able to pre-establish
Bell pairs through underlying physical mechanisms such as photonic transmission, quantum repeaters, or entanglement
distribution protocols. These entangled links serve as the fundamental resources for subsequent entanglement swapping
and quantum state teleportation.

The routing protocol developed in this work is formulated at the switching layer and assumes ideal operation: the
Bell pairs required by the selected routes are assumed to have been successfully established before the corresponding
BSMs are performed. Their physical generation is treated as an underlying link-layer service, allowing us to focus on
how the available entangled links are selected and measured to realize an arbitrary input-output permutation.

Quantum memories are local components of the repeater nodes rather than separate network nodes. They store the
local halves of successfully generated Bell pairs until a valid routing configuration is identified and the corresponding
BSMs are performed. A destination memory may additionally retain the resulting qubit until the measurement outcomes
are received and the required local correction is applied. Because each incident entanglement link requires one memory
qubit to store its local half, an internal repeater connected to two nodes in each adjacent layer requires at least four
memory qubits to hold all candidate link resources. Additional memories may be needed for multiplexed entanglement
generation, purification, or multiple candidate Bell pairs, but these resources are not included in the minimal architectural
model considered here.

A 2k-port quantum Beneš network can be constructed recursively from two k-port quantum Beneš subnetworks.
Then, the quantum Beneš network can be conceptually divided into three layers. The two k-port subnetworks form the
switching layer; the nodes connected to both the input ports and the subnetworks constitute the input layer; and the
nodes connected to both the output ports and the subnetworks constitute the output layer. In general, for a 2k-port
quantum Beneš network, the ith node in the input or output layer shares entangled states with the (i+k)th (or (i−k)th)
node in the switching layer when i ≤ k (or i > k), respectively.

The fundamental building block of the quantum Beneš network is a 2× 2 quantum switching module, which serves
as the quantum analogue of a classical switching element. In a classical Beneš network, each switching element can be
configured into either a straight or a cross state, thereby routing incoming signals to appropriate output ports. The
2× 2 quantum switching module can be realized using entangled states, local operations and measurements. One direct
approach is to establish entangled states between each input node and each output node. The switching functionality
is implemented via entanglement swapping. The connection between the desired input-output node pair can then be
established by performing BSMs on the appropriate qubits. Here, we label the entangled states shared between the first
(second) input node and the first (second) output node as straight states, the entangled states shared between the first
(second) input node and the second (first) output node as cross states. To realize the straight mode, the switching nodes
perform BSMs on the qubits corresponding to straight states. To realize the cross mode, the switching nodes perform
BSMs on the qubits corresponding to cross states.

For a near-term photonic implementation of the proposed quantum Beneš network, direct entanglement swapping
based on pairwise Bell states is the most practical of the three considered approaches. Because the Beneš topology
resolves blocking through its switching structure, network coding is not required under the present architectural assump-
tions. The direct scheme uses only bipartite Bell states and BSMs, avoiding the preparation and control of multipartite
resource states. Although photon loss and finite detector efficiency reduce the success probabilities of Bell-pair genera-
tion and BSMs, its comparatively simple requirements for resource preparation, synchronization, and detection make it
more suitable for current photonic platforms. QNC and MQNC remain useful alternatives when the available physical
topology is fixed and contains unavoidable bottlenecks [50,55]. Compared with repeater-based QNC, MQNC reduces the
circuit depth by encoding the required operations into a multipartite graph or cluster state, but preparing and detecting
such states places greater demands on photon generation, synchronization, and detection. We therefore use direct entan-
glement swapping as the reference implementation, while QNC and MQNC may be considered for topology-constrained
scenarios in which network coding provides an advantage.
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3.2.Routing protocol. Having established the structure of the quantum Beneš network and the operation of the 2× 2

quantum switching module, we now describe the routing protocol that enables arbitrary k-pair quantum communication.
The protocol specifies how entanglement swapping and teleportation operations are scheduled to realize a given source-
destination permutation. We consider a set of k source nodes {S1, . . . , Sk} and k destination nodes {D1, . . . , Dk}, where
each source node Si aims to establish either an end-to-end entangled pair with Dπ(i) or to teleport an unknown quantum
state to Dπ(i) for some permutation π. The goal of the routing protocol is to ensure that all k communications proceed
simultaneously without blocking. Owing to the recursive construction of the quantum Beneš network and the realizability
of non-blocking 2 × 2 quantum switches, the routing protocol only needs to guarantee the absence of blocking between
the input and switching layers, as well as between the switching and output layers.

We first present the routing protocol for quantum Beneš networks of size k = 2n. The modifications required for
arbitrary k, particularly when an odd-sized network is decomposed into subnetworks of unequal sizes, are described at
the end of this subsection. The procedure is as follows:

1. Construct a graph with k vertices, labeled from 1 to k. For the ith vertex, the index of its target output is denoted
by π(i).

2. Add an edge between any two vertices whose indices differ by k/2.
3. Similarly, add an edge between any two vertices whose target indices differ by k/2.
4. Partition the graph into its connected components. In each component, mark the vertex with the largest index

yellow and then alternately mark adjacent vertices red and yellow until all vertices are colored.
5. Route the source nodes represented by yellow vertices through the upper subnetwork and those represented by red

vertices through the lower subnetwork.
By following the above steps, entanglement can be simultaneously generated between multiple source-destination pairs.

The correctness of this protocol can be rigorously established using mathematical induction. For k = 2, the network
reduces to a fully connected structure of size 2, for which the desired mapping can be achieved straightforwardly. We then
show that if the quantum Beneš network of size k functions correctly, the network of size 2k also functions correctly. As
mentioned above, the quantum Beneš network of size 2k can be divided into three layers: the input layer, the switching
layer, and the output layer. The switching layer contains two quantum Beneš subnetworks of size k, referred to as the
upper subnetwork and the lower subnetwork. The input layer routes the 2k source nodes to either the upper or the lower
subnetwork, ensuring that no two source nodes arrive at the same repeater. The output layer routes nodes from the
switching layer to their designated destination nodes. To satisfy these constraints, all source nodes must be partitioned
into two disjoint sets: one routed to the upper subnetwork and the other to the lower subnetwork. To avoid collisions at
the nodes, the following conditions must be enforced:

1. The ith source node (i ≤ k) and the (i+ k)th source node must be routed through different subnetworks.
2. Any two source nodes whose destination indices differ by k must also be routed through different subnetworks.
To model these constraints, we construct an edge-labeled multigraph, referred to as the topology graph, in which each

vertex represents a source node and each edge requires its two endpoints to be routed through different subnetworks. An
input-constraint edge connects the ith and (i+ k)th source nodes, whereas a target-constraint edge connects two source
nodes whose destination indices differ by k. The input-constraint edges form a perfect matching on the 2k vertices.
Because π is a permutation, the target-constraint edges also form a perfect matching. Consequently, every vertex is
incident to exactly one edge of each type.

The union of the two perfect matchings decomposes into vertex-disjoint cycles in which input-constraint and target-
constraint edges alternate. If the two types of constraint edges connect the same pair of vertices, they are retained as
two labeled parallel edges and form a cycle of length 2. Every connected component is therefore an even-length cycle
and admits a proper two-coloring.

The two-coloring is not unique unless an additional convention is imposed. Each connected component has two
possible colorings that differ only by an interchange of the two colors. Thus, if the topology graph has c connected
components, it admits 2c proper two-colorings when the color labels are distinguished. In our protocol, the vertex with
the largest index in each component is assigned yellow. The colors of the remaining vertices are then uniquely determined
by alternating around the cycle. The coloring produced by the protocol is therefore unique under this convention.

Yellow and red vertices are routed through the upper and lower subnetworks, respectively. Because the endpoints
of every input-constraint and target-constraint edge have different colors, each subnetwork receives exactly k source
nodes with k distinct target outputs. By the induction hypothesis, the assigned permutation can be realized within each
size-k quantum Beneš subnetwork. Moreover, no repeater in the input or output layer is traversed by more than one
path. Because every repeater within each size-k subnetwork performs at most one BSM, every repeater in the resulting
size-2k network also performs at most one BSM. All 2k source-destination pairs can therefore establish entanglement
simultaneously without blocking.

At any recursive step with an even network size, the source nodes are partitioned equally between the two subnetworks
using the procedure described above. For an odd size k, the same graph-coloring principle is used, but the upper and
lower subnetworks contain ⌊k/2⌋ and ⌈k/2⌉ input-output pairs, respectively. The kth input and output nodes are
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connected exclusively to the larger lower subnetwork. Accordingly, no constraint edge is added for the kth source node
or for the source node whose target is Dk. The resulting topology graph consists of disjoint even cycles together with
either an isolated vertex or a chain whose endpoints correspond to these restricted nodes. The isolated vertex, or the
appropriate endpoint of the chain, is assigned to the lower subnetwork, and the remaining vertices along the chain are
colored alternately. The even-cycle components are colored as in the power-of-2 case. The two subnetworks consequently
receive at most ⌊k/2⌋ and ⌈k/2⌉ source-destination pairs, respectively, and recursive application of the protocol realizes an
arbitrary permutation for any positive integer k. Further details and a complete proof are provided in the Supplementary
Material.

The rearrangeably non-blocking property established above guarantees the existence of non-conflicting paths under
ideal resource availability; it does not guarantee the success of the probabilistic physical operations along those paths.

3.3.A quantum Beneš network of size 4. Here, we illustrate a quantum Beneš network of size 4 as an example. There
are 4 source nodes {S1, S2, S3, S4} and 4 destination nodes {D1, D2, D3, D4} in this network. Let π be any permutation
of the set {1, 2, 3, 4}, and let Dπ(i) denote the destination node corresponding to source node Si. To simultaneously
generate entanglement between all pairs (Si, Dπ(i)), the paths must be arranged such that no repeater is required to
perform two BSMs. In other words, the paths connecting nodes Si and Dπ(i) cannot pass through the same repeater.
As shown in Fig. 4, the quantum Beneš network of size 4 consists of four levels and can be conceptually divided into
three layers. The first layer is the input layer, comprising level 1. It connects the source nodes to the network and routes
them to either the upper or the lower subnetwork. The second layer is the switching layer, comprising levels 2 and 3.
This layer can be further divided into two quantum Beneš subnetworks of size 2, referred to as the upper subnetwork
and the lower subnetwork. The last layer is the output layer, comprising level 4, which connects the destination nodes to
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Figure 4: A quantum Beneš network of size 4, comprising four levels: Level 1 (input layer) connects the source
nodes to the subnetwork; Levels 2 and 3 form the switching layer and consist of two subnetworks; Level 4
(output layer) connects the destination nodes to the subnetwork. The repeater and quantum memory symbols
follow the definitions in Fig. 1. The Bell pairs connecting the external source and destination nodes to the
switching fabric are included for illustration and are excluded from the resource count in Sec. 3.4.

the subnetwork. Each repeater in the input or output layer shares entangled states with two repeaters in the switching
layer.

Figure 5(a) illustrates a specific routing task in the quantum Beneš network of size 4. The objective is to simulta-
neously establish entanglement between the pairs {S1, D3}, {S2, D1}, {S3, D4}, and {S4, D2}. Following the procedure
described above, one can construct the corresponding topology graph shown in Fig. 5(b) and label its vertices as either
yellow or red. Edges are plotted in two colors: blue solid edges represent output constraints, while purple dashed edges
represent input constraints. Vertices marked yellow (vertices 1 and 4) establish entanglement with target vertices via
the upper subnetwork, while vertices marked red (vertices 2 and 3) use the lower subnetwork. Once it is determined
whether a connection is established via the upper or lower subnetwork, the paths between the input and output layers
become uniquely defined.

3.4.Resource and performance comparison. The entanglement cost of a quantum Beneš network can be derived
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Figure 5: A specific routing task for a quantum Beneš network of size 4. (a) The network diagram and the
corresponding routing configuration. The solid lines represent shared entangled states, whereas the dashed lines
denote BSMs. Distinct colors indicate different end-to-end entanglement paths. The repeater and quantum
memory symbols follow the definitions in Fig. 1. (b) The corresponding topology graph constructed from the
input and target constraints and used to assign the source nodes to the upper and lower subnetworks.

recursively. For k = 2n, a network of size k consists of two subnetworks of size k/2 and 4k additional Bell pairs
connecting the input and output layers to the subnetworks. Starting from the size-2 network with four Bell pairs gives a
total resource count of (4 log2 k− 2)k. Here, the count refers to the standard switching fabric and excludes optional Bell
pairs connecting external terminals to its input and output ports. Thus, the 4×4 switching fabric requires 24 Bell pairs,
whereas Fig. 4 additionally includes 2k = 8 access Bell pairs for illustration. For arbitrary k, the resource requirement
is upper-bounded by that of a network of size 2⌈log2 k⌉ and therefore scales as O(k log k).

In practice, candidate links may attempt heralded entanglement generation independently and in parallel and report
their availability to a central controller. Switching can begin once the available links support one complete set of non-
conflicting paths; it is unnecessary to wait for every candidate link in the fabric. As k increases, the logarithmic growth
of the route depth increases the number of link-level Bell pairs required along each route and generally increases the
preparation time. The actual preparation time also depends on the link-generation probability and attempt duration,
the available alternative routing configurations, and the link-state-dependent routing strategy.

Quantum memory imperfections introduce an additional trade-off. Stored Bell pairs lose fidelity through decoherence
and may be discarded after a prescribed storage-time cutoff, after which entanglement generation is restarted on the
corresponding links. Entanglement purification may also be applied at the link layer before a pair is made available to the
routing protocol. These measures can improve the retained fidelity but increase the preparation time and the consumption
of raw Bell pairs, memory qubits, and classical communication. Their optimization requires a platform-specific model
and is left for future work.

For a full k-pair task, each participating switching node performs one BSM for one source-destination path. A
failed BSM or a faulty switching node prevents the connection passing through that node from being established,
although connections along unaffected paths may still succeed. The complete k-pair task therefore fails in that attempt.
A probabilistic BSM failure is transient, but the Bell pairs consumed by the affected swapping operations must be
regenerated before another attempt. By contrast, a faulty switching node remains unavailable. Because all switching
nodes in each layer are required to support the k simultaneous connections, the original Beneš fabric cannot recover
from such a node failure through rerouting alone; repair, replacement, or additional redundant switching resources are
required.

With finite BSM success probability, rearrangeable non-blocking remains a topological property: non-conflicting paths
still exist for every permutation, but their physical establishment becomes probabilistic. The BSM success probability
can be improved using ancillary-photon-assisted linear-optical schemes that exceed the conventional 50% limit [75],
or through loss-tolerant tree-graph-state encodings and indirect measurements that enable near-deterministic logical
BSMs [76,77]. These approaches require additional photonic, detection, and memory resources, and their integration
into the present architecture is left for future work.
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To quantitatively characterize the proposed architecture, we compare it with direct input-output entanglement and
the quantum crossbar protocol in Ref. [52]. The comparison considers the ideal establishment of end-to-end entanglement
for a k-pair permutation. A classical communication round refers to one parallel feed-forward round in which BSM
outcomes are transmitted to the destination nodes; entanglement-generation heralding and routing computation are
excluded. Network depth denotes the number of intermediate processing stages along an input-output route.

Direct entanglement requires k2 Bell pairs but no intermediate BSM and has constant network depth. The quantum
Beneš network contains 2 log2 k repeater layers, with all k repeaters in each layer performing one BSM for a full permu-
tation, giving 2k log2 k BSMs in total. In the quantum crossbar protocol, Bell-pair generation and BSMs alternate along
the selected routes. Although its architectural Bell-pair resource scales as O(k2), its task-specific Bell-pair consumption,
BSM count, and classical communication rounds depend on the permutation, route lengths, and feasible assignment of
the even and odd distribution schemes. These quantities are denoted by permutation-dependent (PD) in Table 1.

Table 1: Comparison of Bell-pair-based schemes for a k-pair input-output permutation under ideal operations.
The classical communication rounds exclude entanglement-generation heralding and routing computation. PD
denotes permutation-dependent.

Scheme Direct
entanglement

Quantum crossbar
network [52] Quantum Beneš network

Bell-pair resource scaling O(k2) O(k2) O(k log k)
Number of BSMs 0 PD 2k log2 k

Classical communication
rounds 0 PD 1

Network depth O(1) O(k) O(log k)
Rearrangeably

non-blocking for arbitrary
permutations

Yes Not guaranteed for k ≥ 4 Yes

Table 2: Bell-pair counts and network depths for representative network sizes. Task-specific quantum crossbar
consumption is not listed because it is permutation-dependent.

Quantity k = 4 k = 8 k = 16 k = 32 k = 256 k = 1024

Direct entanglement: Bell pairs 16 64 256 1024 65536 1048576

Quantum Beneš: Bell pairs 24 80 224 576 7680 38912

Quantum Beneš: network depth 4 6 8 10 16 20

Tables 1 and 2 show that direct entanglement provides constant network depth but has quadratic Bell-pair scaling.
The quantum Beneš network requires more Bell pairs for k = 4 and 8, whereas its resource advantage appears at k = 16

and increases with network size. For example, at k = 256 and 1024, the Bell-pair requirement is reduced from 65536

to 7680 and from 1048576 to 38912, respectively, corresponding to reductions of approximately 88.3% and 96.3%, while
the associated network depths remain 16 and 20. It therefore provides a scalable trade-off rather than minimizing both
resources and depth at every finite size: the Bell-pair scaling is reduced to O(k log k) while logarithmic network depth
and rearrangeably non-blocking routing are retained.

For the quantum crossbar protocol, task-specific resource consumption cannot be expressed uniquely as a function
of k. Moreover, classical crossbar non-blocking does not guarantee non-blocking entanglement distribution when each
intermediate node is restricted to one BSM per operational cycle. Ref. [52] identifies permutations that cannot be
completed within one cycle under this restriction for k ≥ 4.

QNC and MQNC are not included in the tables because they generally address prescribed topologies and traffic
patterns rather than universal k-pair permutation switching [50,51,54,55]. Their resources and operation counts therefore
depend on the particular topology and communication task. Previous work on a butterfly network found repeater-based
QNC to be more sensitive to local-operation errors than the corresponding entanglement-swapping scheme [54]. This
observation is qualitatively relevant because the present Beneš network is also based on entanglement swapping, although
a quantitative comparison would require a common topology, communication task, and physical noise model. Clos-type
switching fabrics based on multipartite graph states have also been proposed [78], but their graph-state-qubit resources
are not included in the present Bell-pair-based benchmark.

Finally, network depth should be distinguished from measurement-operation depth. Although the quantum Beneš
network has O(log k) repeater layers, the BSMs at different nodes are independent and can be performed simultaneously.
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Their outcomes are transmitted to the destinations in one classical feed-forward round, where the corresponding local
corrections are applied. This process can be regarded as multihop teleportation with simultaneous measurements [64];
under the ideal assumptions adopted here, its measurement-operation depth is independent of the number of repeater
layers.

4.Conclusion. This work develops a quantum network architecture based on the Beneš switching topology that
achieves resource-efficient, non-blocking, and low-latency performance. By adapting the hierarchical routing principle
from classical telecommunications, the framework establishes O(k log k) resource scaling for full k-processor connectiv-
ity. The resource-efficiency advantage is platform-independent and applies universally to quantum systems capable of
local operations and entanglement swapping. The framework enables concurrent multi-pair entanglement distribution,
dynamic resource routing, and scalable connectivity among arbitrary numbers of quantum processors. Photonic sys-
tems possess practical advantages for implementing this architecture: mature photonic switching components, feasible
integrated-circuit implementation, and compatibility with existing telecommunications infrastructure provide a poten-
tial route toward experimental implementation. The routing protocol specifies an appropriate measurement scheme for
each node, thereby enabling non-blocking communication. Moreover, the simultaneous and independent measurement
strategy reduces end-to-end communication delay, giving the network an inherent low-latency advantage.

Several avenues naturally emerge from this work. An immediate priority is to assess the robustness of resource-
efficient Beneš networks under realistic noise models and decoherence channels across different quantum platforms, in
order to refine performance predictions and identify concrete optimization opportunities. In parallel, there is scope
to develop more sophisticated quantum routing protocols that adapt dynamically to network conditions and computa-
tional workloads, potentially improving both entanglement utilization and overall throughput. A further direction is to
explore how such architectures can be interfaced with quantum error correction, where suitable integration strategies
may offer complementary benefits in terms of fault tolerance and effective resource cost. On the implementation side,
photonic platforms call for detailed technical studies of photon-loss mitigation, efficient wavelength conversion, low-loss
integrated fabrication, and scalable multi-stage switching elements, which together will determine realistic experimen-
tal requirements. In addition, hybrid schemes that combine photonic entanglement distribution with matter-based
quantum processors may reveal useful trade-offs among coherence time, connectivity, and implementation complexity.
Taken together, these directions build upon the theoretical framework established here, which identifies the key archi-
tectural principles and performance boundaries of quantum Beneš networks, and positions this class of resource-efficient,
Beneš-inspired switching architectures as a promising route toward practically scalable distributed quantum information
processing.
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